T ransgene containment is a central concern in genetically modified (GM) crops, especially for those with out-crossing wild relatives. However, plant cells contain genomes in the nucleus, mitochondria, and chloroplasts. Whereas nuclear genes are biparentally inherited, organelle genes are in general maternally inherited (1, 2) . Therefore, engineering foreign genes in the chloroplast genome may provide containment from pollen transmission. This topic was hotly debated when the first herbicideresistant (Round-Up-ready) transplastomic plants (transformed with chloroplast genomes) were reported (3) . In this issue of PNAS, two articles highlight different aspects of this important question. The article by Svab and Maliga (4) examines whether alien cytoplasm contributes to rare paternal plastid transmission. They report low frequencies (10 Ϫ4 to 10 Ϫ5 ) of paternal plastids in both normal and alien cytoplasm and caution that this observation is biased by tissue culture selection, and therefore transgenes are less likely to get into the germ line under field conditions. Most importantly, these investigators show that the entire plastid genome is transmitted by pollen instead of plastid DNA fragments and that the mitochondria are also cotransmitted. In a parallel study, Ruf et al. (5) set up a stringent selection system for paternal transmission by using male-sterile maternal parents and transplastomic pollen donors, conferring plastid-specific antibiotic resistance and green fluorescence for visual screening. This selection system identified 6 among 2.1 million seedlings screened (frequency of 2.86 ϫ 10 Ϫ6 ) that showed paternal transmission of transgenes, and the authors concluded that plastid transformation provides an effective tool to increase biosafety of GM crops.
Mechanism of Maternal Inheritance
Most flowering plants show uniparental maternal inheritance of plastids (2) . This observation was first reported a century ago in Milabilis jalapa and is achieved through a variety of mechanisms (2) . During pollen development, at the microspore mitosis, all plastids are distributed into vegetative cells, and, therefore, the generative cells that form sperm cells are free of plastids (the Lycopersicon type). In some species young generative cells may have a few plastids, but maternal generative cells are free of plastids because they degenerate (the Solanum type). In monocots, sperm cells contain plastids, but the plastids are not transmitted into the egg cell because they are degraded before fertilization in the synergid cell. In Chlamydomonas, the paternal plastid DNA (ptDNA) is degraded within 10 min after zygote formation by specific nucleases; the maternal plastid DNA is protected by methylation. Thus, plastid DNA is degraded at different stages from the very first step of pollen mitosis, before fertilization, or even after zygote formation. However, there are rare exceptions to uinparental maternal inheritance. For example, in Medicago or Oenothera, there is an equal distribution of plastids during the first pollen mitosis into the generative and vegetative cells; therefore, sperm cells transmit plastids into egg cells.
Evaluation of Transgene Containment
Ruf et al. (5) devised an interesting experimental system consisting of male-sterile plants as maternal parents and transplastomic lines as pollen donors, which carry two transgenes: the aadA gene to confer spectinomycin/streptomycin resistance and gfp to provide green fluorescence for visible screening. More than 2.5 million seedlings were screened for green tissue sectors among bleached-out seedlings. To eliminate specific point mutations in the 16S rRNA gene that also result in green sectors, the authors also screened seedlings under a fluorescent stereomicroscope. Homoplasmic transgenic lines were regenerated from all seedlings. Among 2.1 million seedlings screened, 118 seedlings with green sectors were identified. Among these 79 were spontaneous 16S rRNA mutants. In the remaining 39 lines, a significant number contained transgenic chloroplasts only in their cotyledons, and these chloroplasts were lost quickly. Only 6 seedlings contained stable paternal plastids in apical meristems. The authors conclude that the frequency of occasional paternal transmission in the field will be in the range of 10 Ϫ8 , and this makes plastid transformation an excellent tool for the prevention of transgene dispersal by pollen. This frequency will be even less because of the absence of selection pressure under field conditions. Svab and Maliga (4) tested ptDNA transmission by using a very different approach. An alloplastic tobacco line (CMS92) was used as the maternal parent. The paternal line contained the aadA gene. Transformed seedlings were therefore antibiotic resistant and male sterile. Ten events in 47,859 seedlings were identified to transfer ptDNA paternally. Testing of paternal ptDNA transmission between parents with normal cytoplasm was carried out with a transplastomic spectinomycin-resistant father and a mother containing nuclear gentamycin resistance. Three ptDNA transfer events were recovered in 34,115 seedlings (9 ϫ 10 Ϫ5 frequency). On the basis of restriction fragment length polymorphism markers, the authors conclude that the entire ptDNA is transmitted by pollen as intact organelles and not as small ptDNA fragments. There is no evidence for a transformation-like process that was reported for transgenes from plastid to nuclear genome (6). Using polymorphic restriction sites within the atpB gene, the authors conclude that mitochondria were cotransmitted with plastids by pollen, a novel observation.
Impact of Transgene Containment on Biotechnology Applications
Both of these articles are timely because the chloroplast genetic engineering field is now entering the phase of field testing and commercial development. Table 1 summarizes biotechnology advances through chloroplast genetic engineering. The first field test of transplastomic tobacco expressing human IFN was conducted recently (7). Chloroplast-derived IFN-␣2b had in vitro biological activity similar to commercially produced PEGIntron (Schering, Kenilworth, NJ) when tested for its ability to protect cells against cytopathic viral replication in the standard vesicular stomatitis virus cytopathic effect assay and to inhibit early stage HIV infection. The antitumor and immunomodulating properties of IFN-␣2b were also seen in vivo. CpIFN-␣2b increased the expression of MHC I on splenocytes and the total number of NK cells and protected mice from a highly metastatic tumor line (7).
Tobacco is ideally suited for production of biopharmaceuticals or vaccine antigens because up to 40 metric tons of leaves can be harvested from 1 acre (0.40 hectare). Therefore, up to 360 million doses of fully functional anthrax protective antigen expressed in tobacco chloroplasts could be harvested from a single acre of this nonfood/nonfeed crop (8) . Several vaccine antigens against bacterial (8-10), viral (11, 12), or protozoan (13) pathogens and human therapeutic proteins (14) (15) (16) (17) have already been developed in transgenic tobacco chloroplasts (Table 1) . Such high levels of expression, in addition to transgene containment, make this concept commercially attractive. However, when absolute containment for such transplastomic lines is required, additional failsafe methods should be used. One such failsafe method is reversible cytoplasmic male sterility engineered by means of the chloroplast genome by using ␤-ketothiolase (18) . In this system seeds were produced in the greenhouse under continuous light, but under normal day/light conditions plants were sterile.
Oral delivery of biopharmaceutical proteins expressed in plant cells should reduce costs associated with purification, processing, cold storage, transportation, and delivery. Oral administration of transplastomic leaves expressing cholera toxin subunit B (CTB)-proinsulin conferred protection against development of insulitis (diabetes) in nonobese diabetic mice (17) . Insulin-producing ␤-cells in the pancreatic islets of the CTB-proinsulin-treated mice were well preserved, resulting in lower blood and urine glucose levels. Toxicology studies to conduct human clinical trials are in progress. Carrot (19) , tomato (20) , and lettuce (21) plastid transformation systems have been developed for oral delivery, and human proinsulin has been produced in lettuce chloroplasts (17) .
Several valuable agronomic traits have already been introduced by means of the chloroplast genome, including insect resistance (22, 23) , herbicide resistance (2), disease resistance (24), drought tolerance (25) , salt tolerance (19) , and phytoremediation (26) . These are examples of the highest levels of expression (up to 46% total soluble protein) or resistance or tolerance reported in the literature. Multigene engineering is also feasible in a single transformation step (23, 26) . Chloroplast genomes of several major crops have been transformed, including soybean (27) and cotton (28) , tree species such as poplar (29) , and vegetables or fruits, including tomato (20) , potato (30) , and lettuce (21) . Further research is required to achieve similar success in monocots. Thus, the field of chloroplast genetic engineering is poised for major advances in the near future.
Both PNAS articles (4, 5) report pollen transmission in the range of 0.0087-0.00024%. Currently, in Europe, non-GM products with 0.9% contamination of GM products are marketed without labeling. Chloroplast genetic engineering should therefore offer containment levels far superior to currently available methods or much lower levels than current contamination guidelines. However, maternal inheritance will contain only pollen transmission. An ideal system, especially for production of vaccines or biopharmaceuticals, should contain transgenes in pollen and seeds. Because the chloroplast transformation system is ideally suited for transgene expression in leaves, it would be necessary to harvest them before the development of any reproductive structures. First reports of agronomic traits, biopharmaceuticals, or vaccine antigens engineered by using the chloroplast genome are tabulated. The highest reported total soluble protein or evaluated functions are listed. Bt, Bacillus thuringiensis toxin; VSV, vesicular stomatitis virus; EMC, encephalomyocarditis virus.
